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Introduction
Schistosome trematodes, which penetrate the skins of their vertebrate hosts as cercariae and pass through several host organs as maturing schistosomula, finally become located as adults near a cavity which opens to the outside. The adult position, i.e. in the intestinal veins or gutwall tissue itself, the veins of the urinary bladder, or veins of the nasal fossae, is characteristic for the parasite species and determines the avenue by which eggs leave the host.
Since host responses are thought to be influenced by the intimacy and duration of contact between the parasite and host tissues, and since it has been shown (Rau, unpublished) that ' The research on which this paper is based was supported by the National Research Council of Canada and the Canadian National Sportsmen's Show.
=Present address: Institute of Parasitology, Macdonald College of McGill University, MacDonald College, Quebec.
previously parasitized birds exhibit solid resistance to reinfection by Trichobilharzia ocellata (La Valette St. George, 1855) Brumpt, 1931, we considered it desirable to study the developmental biology of this parasite within its avian host.
Materials and Methods
Our T. ocellata was originally isolated from Lymnaea stagnalis collected from Peterborough, Ontario, and has been maintained for several years by successive passage in laboratory-reared snails and hatchery-reared ducks. The taxonomy of T. ocellata and its near relatives will be discussed by one of us (T.K.R.B.) elsewhere.
Cercariae were studied alive both unstained and after vital staining with purpurin, Nile blue sulfate, neutral red, and methylene blue, and were studied dead after heat or formalin killing, unstained or after periodic acid-Schiff (PAS) or Mayer's carmalum staining.
We had planned to use black ducks (Anas rubripes) exclusively in this study but a shortage of these birds forced us to use domestic white pekins (Anus platyrhynchos) for part of the work. Since with one exception the parasites behaved and developed identically in both types pieces. These were processed individually, absolute counts of bird, no distinction has been made between them in the being made of parasites and eggs. text which follows except in the one case, namely, the Birds which had to be sacrificed were killed by an overlength of time spent in the host's lung. White pekins were dose of anaesthetic (Equitol, Pitman-Moore Div., Dow obtained from a commercial hatchery as day-old duck-Chemical Co.). lings and black ducks were reared under snail-free conditions at Kortwright Waterfowl Foundation, Guelph,
Results

Ontario.
Birds of known ages were exposed when one foot was immersed for 90 min in water containing freshly shed cercariae from 10 to 30 laboratory-reared, laboratoryinfected L. stagnalis. Birds were examined for parasites from 5 min to 370 days after exposure. Developing and adult worms were studied in 7-cLm sections, in tissue squashes, and after recovery by reverse perfusion of lungs with heparinized saline, a modification of the method of Yolles et al. (1949) . Histological preparations were fixed in Davidson's A or Bouin's fluid, stained with Ehrlich's alum haematoxylin, and counterstained with Bowie's eosin and orange G. Intact worms were relaxed in 1 ppm nicotine sulfate (Black Leaf 40), fixed in Gilson's fluid, and stained in Cower's carmine.
Skin was fixed in 3 X 20 mm pieces pinned flat over corks and was cut to provide either tangential or sagittal sections. Intestine was fixed in 1-2 cm lengths and cut longitudinally, and lung, liver, kidney, spleen, and brain were fixed in pieces of about 1 cm3. When sectioned tangentially theentire thickness of the skin was cut. Onehalf the width of the gut and at least a 3-mm thickness of sagittally cut skin and all other organs was sectioned. Detailed examinations were made of all tangential sections and two or three sections selected every 50 pm in all other cases. When the size of the parasites is taken into account, the latter procedure ensured that all parasites in the block of tissue were encountered. Three ducklings were exposed to large numbers of cercariae when less than
Migration
Cercariae of T. ocellata were seen to grasp available surfaces avidly and to adhere tenaciously by the ventral sucker, a characteristic which has made quantitative work with this species difficult. The tail was usually released shortly after contact was made with a duck's skin and the organisms crawled, inchworm fashion, bending the head organ posteriad between "steps" to deposit a droplet of sticky gland secretion into the ventral sucker. Eventually a site was reached, usually within one of the socalled cancellation lines on the web skin, where burrowing activity was initiated. The physical acts of skin penetration by cercariae of T. ocellata were similar to those described for Schistosoma mansoni (Gordon and Griffiths, 195 I) , and the staining reactions with purpurin and PAS and the functional roles in adhesion and histolysis of the pre-and post-acetabular glands appeared to parallel those of S. mansoni (Stirewalt and Kruidenier 196 1) .
Disruption of the stratum corneum became evident within 5 min ( Fig. 1 ) and soon the entire body had penetrated the skin. The worms aligned themselves parallel to the surface but with the head organ still oriented towards the deeper layers (Fig. 2) . Progression through the skin was continuous, accelerating after the stratum germinativum had been breached (Table 1 ). Only three schistosomula were found in the skin (hypodermis) of one of two ducks killed 24 h after exposure and none in the other or in birds sacrificed at 36 h or later. It should be noted that although worms reached the dermis and hypodermis as early as 10 h, none was observed within a blood vessel or showed evidence of having ingested blood until 19 h.
Dissemination of the parasites was rapid once blood vessels were reached, worms having been found in lung and kidney at 19 h and in liver at 24 h (Fig. 10) . No significant numbers were found in the kidney except on days 1 and 2. Small numbers (less than 10) were found in the spleen on days 4, 7, 9, and 10, but none at all in the brain.
In the lung, schistosomula broke free into the air spaces (Fig. 3) . They appeared first in air capillaries and parabronchi and later in secondary bronchi where they were observed reinvading the bronchial epithelium and finally gaining entrance into veins. Passage through the lung was more rapid in black ducks than in white pekins, worms being found in veins as early as 24 h in black ducks whereas none was observed there until day 5 in white pekins. A second invasion of the lung took place as witnessed by the presence of worms in arteries beginning on day 5 in black ducks and on day 8 in white pekins. It seemed that schistosomula which reached the lung on day 5 or later were unable to pass through this organ, for none was found in air spaces, epithelia, or veins. Instead, they became lodged on the arterial side where they were subjected to an intense inflammatory response. The distribution of worms in the two kinds of ducks was indistinguishable after day 8 and no parasites were found in teased lung tissue on days 34 and 38.
Parasites reached the liver on days 1 (ducklings) and 2 (ducks) and by day 4 this organ contained 90y0 of those detected (Fig. 10 ). More than goy0 of the worms in the liver between days 1 and 6 were in sinusoids, but on days 7-9 up to 50y0 were in veins, mainly hepatic portal veins. No parasites were found in the liver of the only bird killed on day 10 or in one of the two killed on day 1L. Low numbers were seen in the livers of birds examined between days 12 and 35, 75y0 of these being in veins, and very low numbers, mostly in sinusoids, were seen in the three birds killed on days 89,99, and 168. A few worms were seen in liver-squash preparations 248 and 370 days after exposure. The caeca of "liver worms" contained hematin, indicating that recent feeding had taken place.
Adult worms appeared in the veins of the small intestine on day 8 and most of the parasites were in the gut between days 10 and 21. At first, specimens were found in peripheral veins, but later they penetrated deep into the mucosa, sometimes approaching the tips of villi (Fig. 5) . In this location they appeared to be outside blood vessels, lying among the mucosal cells. No specimens were seen within arteries, no pairs were observed in copula, and all "intestinal worms" had colorless caeca, indicating that erythrocytes had not been ingested recently. Worms were not found in the intestine after day 21.
Eggs were found in the intestinal wall on day 9 (Fig. 6 ), appeared to reach peak numbers there on days 14-16, and persisted at least until day 56. Some underwent embryonation within the mucosa where they had been laid, while others completed the short journey to the lumen quickly, and passed unembryonated with the feces.
The linear distribution of adults and eggs along the small intestine was investigated in view of aWpossible correlation with thewpositions of lymphoid tissue masses. In waterfowl, Meckel's diverticulum, itself lymphoid, is flanked by four lymphoid patches or annular bands (Leibovitz and Hwang 1968) , two anteriad and two posteriad. It was found that adult worms tended to be evenly distributed between Meckel's diverticulum and the caeca (approximately the posterior 35% of the small intestine) while eggs were most abundant in or near Meckel's diverticulum and the patch immediately posterior to it (up to 50% of the eggs were found in these areas, which, together, made up only about 5% of the length of the small intestine).
A desire for direct evidence about migration routes led to the sectioning of the entire bodies of three ducklings which had been exposed to T. ocellata cercariae when less than 1 day old. It was realized that these birds were not fully comparable with older ones in such particulars as lung development, but it was hoped that observations might be made which would be germane to the evaluation of proposals that avian schistosomes migrate via the body cavity or via the air sacs. Only 30 schistosomula were seen in the bird killed 12 h after exposure and these were all in the skin. The duckling sacrificed after 24 h harbored 331 worms, 204 (62y0) of which were in the liver. About one-third of these were in veins, none was observed penetrating the organ from the coelom, and no lesions were evident in the serosa. Six migrating worms (2y0) were seen in the heart and one (0.4%) in the hepatic portal vein but none was found in air sacs. The remaining worms were located in the skin (lyo), lung (14y0), and kidney (21%). By 36 h, 93% of the worms (total seen = 124) were in the liver, nearly all in sinusoids. The rest were found in the lung (5y0) and the kidney (2y0).
Growth
After 19 h the body was shorter (mean 0.203 mm) than that of the earlier cercarial stage (mean 0.299 mm), whose length was not reattained until 48 h had elapsed (Fig. 11) . During the next 2 days the body length quadrupled, attaining more than one-half the adult length, after which growth continued at a lower rate until sexual maturity was reached on day 7. It should be noted that growth was longitudinal only, the width of relaxed mature worms actually being only about one-half that of the cercariae.
Reorganization and Organogenesis
The head organ began to degenerate by day 3 and was gone by day 4. In its place, a muscular, collar-like oral sucker had developed around the mouth which had moved forward to its anteroventral adult position.
The gut, difficult to see in cercariae, became conspicuous after the ingestion of blood 19 or 20 h after penetration. The oesophagus and caeca both grew, the ends of the latter reaching the acetabular level by 24 h and the bifurcation by 34 h. The ends of the diverticula remained separate until after 34 h, but by 48 h they had united and a short, single caecum extended posteriad (Fig. 4) . During the next 2 days the bifurcated portion of the gut grew, moderately in males, reaching just posterior to the acetabulum, but extensively in females where in some specimens it extended well beyond the midpoint of the body. This sexual disparity continued to exist for life. As the worms became mature, the single caecum was crowded by testes or vitellaria, and could be seen following a sinuous course to its terminus at the posterior end of the body. The only other obvious change was the development, at about day 7, of a bulbous muscular swelling in the oesophagus just anterior to its bifurcation.
Eye spots, which were intact after 19 h in the host, began to disintegrate by 24 h although dispersed pigment granules could still be identified in 7-day-old worms. The spines which are present on the tegument of cercariae were not evident by day 4.
The genital primordium, often hidden by postacetabular glands in cercariae, was prorninent in the schistosomulum as a compact mass of densely staining cells just posterior to the ventral sucker (Fig. 7) . Maturation was rapid. By day 4, posteriorly located rudimentary testes were present in males and a cirrus pouch containing the developing seminal vesicle with a ventrally directed ejaculatory duct could be seen. 
I
There was, however, no sign of a gynecophoric canal. In females the uterus was seen as a blind tube just behind the acetabulum but there were no indications of the ovary, vitellaria, or Laurer's canal at this time. By day 6 the gynecophoric canal was present but lacked the adult spination. About 40 testes could be seen and these contained sperm, but the seminal vesicles did not and the prostate was still weakly developed. Females exhibited well-developed ovaries, ootypes, vitelline ducts, Laurer's canals, oviducts, uteri, and empty seminal receptacles. Sexual maturity was reached by day 7 as witnessed by the presence of sperm in the seminal vesicles of males and seminal receptacles of all females. Egg-laying began on day 9.
Adult Male (Fig. 12A ) Description based on 40 relaxed 9-day-old specimens. anterior end, spiny, not a sucker but pawl-like. Testes numbering 57-76 (mean 67), rounded in relaxed worms, flattened in contracted ones. Vas deferens visible in testicular region, not seen anteriorly. Seminal vesicle with slender, free, anterior portion, and wider, enclosed, posterior portion. Prostate followed by thick-walled ejaculatory duct which does not appear to be protrusible or eversible, suggesting that true cirrus is absent. Duct opens near apex of stout genital papilla which protrudes continuously from anterior margin of gynecophoric canal, generally from left wall. (Fig. 12B ) Description based on 40 relaxed 9-day-old worms.
Adult Female
Filiform, 1.5-3.8 mm long (mean 2.56 mm), width 15-45 pm. Mouth, oral sucker, and oesophagus as in male. Divided caeca reunite at level of ovary's posterior margin, about 0.4 mm posterior to acetabulum. Single caecum, posterior of body, and acetabulum as in male. Ovary slightly coiled. 150-240 pm long, with posterior end leading directly to seminal receptacle. Oviduct bends anteriad, unites with Laurer's canal at this point and with vitelline duct just anterior to ovary. Ootype followed by short muscular uterus which extends to pore on ventral surface mmediately posterior to acetabulum. Uterus generally empty, never observed containing more han one egg. Vitelline follicles 9-10 prn in diameter, appear in groups of two or three alternatng with intestinal loops, from just behind seminal receptacle to posterior end of body. Mehlis' gland ill-defined.
Discussion
It is apparent that the skin of susceptible birds does not constitute a significant barrier to T. ocellata since none was found in this organ after 24 h. In contrast, Rai and Clegg (1968) found that 30% of Austrobilharzia terrigalensis died in the skin of its natural host, Larus novaehollandiae. Clegg and Smithers (1968) reported that a high percentage of S. mansoni cercariae died while penetrating abdominal skin of rats and mice but few perished in the skin of hamsters, indicating that differences exist not only among parasites and hosts but also among parasite-host combinations. Entry of schistosomes into the vascular system has been reported to occur via the veins (Miyagawa and Takemoto 1921) and lymphatics (Standen 1953) and probably both routes are used by Schistosomatium douthitti (El-Gindy 1950) . T. ocellata appears to enter exclusively through small veins. Undoubtedly a second portal of entry exists in the oral and oesophageal mucosae. One would expect that all worms entering by this route would be carried to the lungs and, therefore, that the migration within the host would not differ significantly from that experienced by those entering through web skin.
Schistosomula of T. ocellata reached the lung after 19 h in ducklings and 24 h in adult ducks. Numbers rose to a maximum on day 2, then fell, and rose to a second peak on day 9. McMullen and Beaver (1945) , after finding this parasite in the lungs of ducklings as early as 24 h and as late as day 5, noted that the lung must be regarded as a normal site for habitation by T. ocellata. The earliest arrival of S. mansoni in the lungs of rats was at 22 h (Faust et al. 1934) and in mice at 4 days (Clegg 1965) , with respective peaks on day 53 (rats) and 9 (mice). El-Gindy (1950) reported lung involvement on day 1 with a peak on days 3 and 4 in mice infected with S. douthitti. The fact that T. ocellata consistently leaves the blood vascular system and moves into the air spaces of the lung implies that this activity has adaptive significance. Possibly some physiological parameter, e.g. oxygen requirement, or even a purely behavioristic one, e.g. a thigmotaxis, may be involved. We considered it more likely, however, that this performance was related to the general migration through the host's bodv.
The route from lung to portal circulation has been the subject of considerable debate. Miyagawa and Takemoto (1921) in a detailed study of S. japonicurn stated that the principal route was via the systemic circulation. Also, Faust and Meleney (1924) with S. japonicum and Faust et al. (1934) and Yolles et al. (1949) with S. mansoni provided evidence that these worms did not leave the capillary system in the lung but were able to squeeze through to the venous side. Only in heavy infections, they claimed, did schistosomula appear in alveoli. On the other hand, Narabayashi (in El-Gindy 1950) postulated the existence of an extravascular route through the mediastinum, diaphragm, and peritoneal cavity. El-Gindy (1950) found that S. douthitti migrated from the lung by such a route and Wilks (1967) showed that S. mansoni, S. douthitti, and Heterobilharzia americana can migrate through the pleural spaces, diaphragm, and Glisson's capsule to the liver parenchyma in the mouse. The coelomic architecture of birds, lacking a diaphragm and with only thin-walled air sacs separating the lung and liver surfaces, would suggest the feasibility of avian schistosomes using an extravascular route, and the fact that T. ocellata breaks free into the varabronchi and secondary bronchi reinforces this possibility. Evidence from the present study, however, does not support such an hypothesis. Not only were schistosomula absent from air sacs in sagittal sections of ducklings, but they were seen reentering the venous circulation by pushing their way through the simple columnar epithelium and ground substance of the bronchial epithelium and thin walls of veins. Worms were not found free in the body cavity or at the surface of the liver, and lesions suggestive of penetration through the serosa were not detected. However, worms were found in the heart and hepatic portal vein. Thus, a vascular migration is indicated and the significance of T. ocellata's occupation of air chambers remains unexplained.
A return to the lung of small numbers of worms which have been in the portal circulation has been reported (Faust and Meleny 1924; Faust et al. 1934; Yolles et al. 1949; El-Gindy 1950) but the simultaneous return of large numbers, as seen by us, has apparently not been observed before. Since they did not repeat the earlier behavior of breaking through into air spaces and their size precluded the possibility of direct passage through the capillary system, and since none was found on the venous side of the pulmonary circulation after day 6 but dead and dying worms were found in arteries at this time, it is concluded that a second passage through the lung does not occur.
It was noted that passage through the lung was more rapid in black ducks than in white pekins. Unfortunately, a complete parallel series of pekins and black ducks was not examined but the existence of a real difference was made evident by the appearance of worms in the lung veins of blacks 24 h after exposure, whereas none occurred there in pekins until day 5. Clear differences were seen until day 9 when worms arriving at the lung were unable to proceed further in either type of bird. From then on the situation was the same in the lungs of blacks and pekins. Although these differences may relate to physical facts associated with the great disparity in size between the two ducks, a notion supported by the observation that parasites reached the liver a day earlier in black ducklings than in black adults, other evidence suggests that more complex factors may be at work. Khan and Fallis (1968) , for example, found that black ducks tolerated Leucocytozoon simondi better than did domestic pekins and Crichton and Welch (1972) found that mallards carried heavier burdens of helminth parasites than pintail.
Schistosomula were found in the liver after 24 h in some birds but not until after 6 days in others. Though delayed in arriving, the worms in the latter were as fully developed as those of the same age in the former, indicating that unlike S. mansoni (Clegg, 1965) , T. ocellata can undergo development before reaching the portal circulation. McMullen and Beaver (1945) also noted that considerable development of this species takes place in the lung. Over of the "liver worms" occupied sinusoids until day 7 when 23% were found in veins. On days 8 and 9, half the "liver worms" were in veins and, of course, the organ then became emptied of its schistosomes (Fig. 10) . Fifty percent of the veins containing worms on day 9 were hepatic portal, 10% were hepatic, and 40% could not be identified with certainty. In any event, both types of veins contained worms, thus accounting for the simultaneous appearance of schistosomes in the lung and in the blood vessels of the intestine.
Moderate numbers of worms were found, mostly in veins, between days 11 and 16, implying that parasites were still leaving the liver at this time. Very low numbers, usually located in sinusoids, were seen on days 89,99, and 168 and liver squashes revealed worms on days 248 and 370. These observations are significant in view of the fact that experienced birds are resistant to reinfection with T. ocellata (Rau, unpublished) . Apparently concomitant immunity develops in this system just as it does in the rhesus monkey -S. mansoni relationship (Smithers and Terry 1969) .
It is well established that the large muscular schistosomes of mammals can migrate from the liver to the intestine via the hepatic portal vein. T. ocellata, however, being small and delicate and with weak holdfast organs, would seem to be ill-equipped to follow such a route, necessitating as it does, travel against the blood stream in rather large vessels. Nevertheless, at least 50% of the worms in the liver were in hepatic portal veins at the time of migration and worms were seen only in veins, never in arteries, of the small intestine. Further, if worms were carried passively by the systemic circulation, one would expect significant numbers to appear in the kidney at migration time, and this was not the case. It is concluded that contrary to expectation, the principal route for migration from the liver to the gut is the direct one, against blood flow, in the hepatic portal system. Of possible significance in this regard was our observation that freshly perfused adults were usually coiled, the body forming a cylindrical helix. Perhaps this posture enables the worms to press against the inner walls of vessels and to make headway against the flow of blood.
Our discovery that adult worms have colorless caeca while in the blood vessels and tissues of the host's intestine explained the fact that they are so difficult to see in fresh preparations. Undoubtedly others as well as the senior author, expecting the black caeca characteristic of adult schistosomes to help reveal the presence of worms in the meseneric or intestinal veins of the host, have regarded as failures many successful attempts to parasitize birds with T. ocellata. On the other hand, we are unable to explain why the caeca did not contain hematin while the worms were in the intestine whereas they did both before the worms reached this organ and after they left it (Figs. 8, 9 ). The possibility that T. ocellata feeds at this site but fails to break haemodobin down to hematin is not supported by the appearance of empty caeca (Fig. 9) . It appears, then, that the "intestinal worms" do not ingest red blood cells.
The extent to which adults of T. ocellata penetrate the mucosa of the host's intestine is undoubtedly related to the small size of the worms. Far from trivial, this choice of site influences greatly the fortunes of both parasite and host. Since eggs are deposited a scant few cells distant from the lumen of the host's gut, it follows that a high percentage of eggs laid are able to leave the host. This is borne out by the finding that worms were evenly distributed along about 35% of the length of the small intestine, while eggs were abundant only in discrete lymphoid areas. From the host's point of view, the ease with which eggs may gain access to the lumen means that little damage is done to intestinal tissues. This, of course, stands in marked contrast to the situation involving mammalian schistosomes, where serious lesions may result from the passage of eggs through the gut wall. Also, the fact that eggs are laid either in mucosal parenchyma or in very small veins means that virtually none of them can be washed back to the liver. Thus, the pathology associated with ectopically placed eggs of the schistosomes of mammals is rarely seen in birds parasitized by T. ocellata.
The rapid maturation of T. ocellata as compared with S. mansoni (Fig. 11 ) may relate more to external ecological factors than to intra-hostparasite relations. If a parasite has as hosts a migratory duck and a snail that occurs on the duck's breeding ground but not on its wintering ground, it is clearly advantageous to the parasite to complete its maturation quickly so that viable eggs will leave the birds while they are still in the habitat of suitable snails.
Finally, the disappearance of adults from the host's intestine by day 21 is difficult to explain, particularly in the light of finding live specimens in liver squashes more than a year after exposure. Possibly a close relationship exists between the lack of feeding by "intestinal worms" and the fact that they vacate the intestinal tissues so quickly. In any event, it is not surprising that only nine records of T. ocellata parasitizing wild ducks exist (McDonald 1969) , for adults inhabit the intestine for only 2 weeks and they can scarcely be seen when they are there!
